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Introduction 
As computers become more powerful and high-bandwidth applications, for instance for streaming media, 
become more prevalent, the demand for network bandwidth is growing rapidly. In order to satisfy this demand 
the deployment of optical networks is moving more and more towards the home-user's premises. Since 
deployment costs are a ma,jor issue in these access networks, low-cost optical filtering and switching functions 
need to be devised. Integrated optical Microring Resonators (MRs) are viable candidates for these functions as 
they combine a small footprint with a highly selective filter function [1.2,3]. Furthermore they can he readily 
combined into more complex structures such as a wavelength selective switch [4,5]. 
An important component i n  which the filter function 
and small size of MRs can be applied effectively is a 
WDM router. Figure I shows a possible 4-channel 
imvlementation of such a router 161. This router lin ( T I .  > . .
consists of five 4-way Optical Add-Drop , . ...,... 
multiplexers (OADM). In this router the WDM input ; . I &  i .  / +  
signal lin is first separated into individual channels 
(1, ... L) by an OADM. Each of these channels is 
then guided into one of four additional OADMs. 
~hese-OADMS can then add these channels to one of I011t2 ( ZC? .A) 
four output waveguides lout,. --c 
The OADMs can be implemented using AWGs or nuH:a:r lout3 ( ZCJ .A) 
Mach-Zehnders. OADMs based on AWGs are --+ 
generally large devices since AWGs can only split + 10% ( 1~4.~.L)  
channels, and thus require additional coniponenrs, I I 
'._I 
+ 
while MZ based OADMs require multiple MZs for C ~ . I . ~ I  c4.3h3 
the selection of a single channel. An OADM based 
on MRs however offers several advantages over 
these conventional implementations. The use of Figure I :  Schemtic qfu Cchannel WDMRolrrer 
MRs, which can have radii as small as 2 pm, allows consisring of 5 connecred OADM's 
for extremely small OADM implementations. In addition, a minimal component implementation of a 4-channel 
OADM based on MRs can already be realized with only four MRs, due to their highly selective filter 
characteristic. The first column of figure I shows such an implementation where each MR drops an incoming 
channel I, to one of the outputs lout, when its resonance frequency corresponds to that of the incoming channel. 
In this paper the design, fabrication and measurements of a 4-channel thermally tunable MR based OADM are 
presented. 
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Design and fabrication 
The OADM was designed as shown in figure 2a. It consists of a central waveguide (Iinilout) and four AddIDrop 
waveguides. These waveguides are spaced at 250 pm to allow for a standard fiber-array connection. The sizc of 
the OADM. 1.25 x 0.2 mm' is mainly determined by this spacing. A single MR is located at each intersection of 
central- and add-drop waveguides. The cross-grid waveguide approach [6.7], in which the two waveguides that 
couple to the MR cross each other, leads to some crosstalk but is also the most efficient geometry for the 
OADM. Each of the four MRs can be thermally tuned by a heater. The heater is omega shaped for high power 
efliciency. A 3D geometry and cross-section of a MR is shown in figure 2b. The MR has a radius of 50 pm, a 
height of 190 nm and a width of 2.5 pm, giving an Neff=1.517 (TE ($1550 nm) .The 50 pm radius was chosen 
because it gives a FSR that is smaller than the thermal tuning range, allowing full FSR tuning. In addition, it 
allows for a MR that is nearly phase matched to the port waveguides. The MR is vertically coupled to these port 
waveguides whicli are 2 pm wide, 140 nm high and have a Neff-1.505 (TE@1550 nm). Rotli the MR and the 
port waveguides are designed for TE operation. 
ir- Iout 
Figure 2a: Layout of the &/-drop multiplexer 2h: MR top view and coupling region cros~-secrion 
The high aspect ratio in both the MR and port waveguides 
stems from lithographical limitations and the use of 
stoichiometric Si3N4 (n=1.98 @I5SOnm) which is limited to a 
maximum thickness of 340 nm to avoid material stress. 
The OADM was fabricated by depositing 140 nm LPCVD 
Si3N4 on top of 8 pm thermally grown SiO? [2, 81. The SilNr 
waveguides were then etched using reactive ion etching (RIE). 
A 1 pm TEOS separation layer was applied next. The ring 
resonators were then defined by depositing 190 nm SilN4 and 
RIE. A 4 pm thick layer of PECVD Si02 was deposited next. 
The device was then annealed at 1150°C. Subsequently the 
200 nm thick Chromium heaters were detined using lift-off. 
Figure 3 shows a close up of a fabricated OADM. The central 
and addidrop waveguides are clearly discemable as well as the 
omega shaped heater elements on top of the four micro-ring 
resonators. The inset shows a pigtailed and packaged OADM 
chip. The OADM chip itself measures I0 x 9 mm and contains 
a total of four OADMs of which only the center OADM is 
connected. 
:..+ 1 .  + ..> :-- 
. . 
I.... . ' l i  
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Measurement results and discussion 
The pigtailed OADM was measured using a 
broadband source and an optical spectrum 
analyzer with a resolution of 0.05 nm. Figure 4 
shows the normalized responses measured at 
Iout when the broadband source was connected 
to Iin for two distinct configurations which were 
set by thermally tuning the MRS. In this setup 
the OADM now drops the channels present on 
Iin to the desired drop ports IOropl-ID@. These 
dropped channels are visible as MR through 
responses in Iout. 
In the "4-channel configuration" a total heater 
power of 446 mW wasapplied to set the MR 
resonance frequencies on a 100 GHz ITU Grid 
(spaced at 0.8 nm). The minima of the 
individual MR through responses are -12dB 
below the normalized input power level. Thus 
=94 % of the input power is extracted. A fit of 
- single Ccmblned channel 
-35 
1 1548 154E 1550 1552 1554 1556 
WavelengIh (nm) 
Figure 4: Iout response for a combined-channel and 4- 
channel OADM configuration 
the individual MR responses to a theoretical MR model showed amplitude coupling constants KI and KZ of 0.56 
k0.04 and 0.44 a . 0 4  respectively at ring losses of 1 SM.5 dBIcm. The measured FSR and Finesse were 4.18 nm 
and 10.3 respectively, giving a FWHM of 0.41 nm (=5 1 GHz). 
The single channel configuration in figure 
4 shows how the responses of the 
o individual MRs could also be shifted to 
overlap each other. This configuration 
-5 could be set while dissipating only 20 mW 
due to the fact that the untuned MRs 
E -10 
'0 
already had nearly overlapping resonance 
- 
& frequencies, showing good fabrication 2 -1s reproducibility. The minimum of the 
n. 
x combined through response is 30 dB (>99 
.z -20 % extracted). 
2 2 -2s Figure 5 shows the normalized responses 
measured at Iout when the broadband 
-30 source is connected to the different add- 
ports (IAddl-IAdd4). In this configuration the 
-35 
1544 1548 1548 1550 1552 1554 1556 MRs select a channel from these ports and 
add it to lin. 
Wavelength (nm) The figure shows that minima of the 
individual MR drop responses are -17dB 
Figure 5: Add Responses for IMl-Iw4 measured at lout. below the normalized output power level 
( ~ 8 9 %  of input power dropped). The 
effects of the adjacent MRs on an add channel can also be observed, for instance in the add response of the first 
resonator. Here the three (indicated by arrows 2,3,4) MRs that follow the first MR drop power from the main 
channel which shows up as dips in the Iout response. Using the parameters obtained from the fit to the responses 
in figure 4, the channel crosstalk [9] 
- - 
PD,,,(~ = 2, + A ~ I T U )  sin (n.AAITU / FSR) CT = lolo 
phOp (2 = 2,) sin2(n/2~) 
of the device can be calculated to be - I  1.7 dB. 
The OADM could be reconfigured in <1 ms due to the fast thermal tuning response of the MRs [lo]. Figure 6 
shows that a single MR has a linear tuning response and has a maximum tuning range (without heater damage) 
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of a . 3  nm at a power dissipation of 380 mW, yielding a thermally induced wavelength shift of I 1 prn/mW of 
dissipated heater power. The device shows no measurable thermal crosstalk due to the small heater area, wide 
(=I 50 pn) heater separation and the high thermal conductivity (1 6 1 WImiK) of the silicon substrate. 
Bandwidth measurements on the OADM have yet to be performed. Measurements carried out at Nortel on single 
MRs with the same geometry of the MRs used in the OADM have shown however that the bandwidth is 
>IOGBit/s [5] while theory predicts a bandwidths >20 GBit/s. 
Conclusions 
5.0 - The feasibility of a reconfigurable add-drop 
multiplexer with thermally tunable Si3N4 MRs 
has been shown. Out of a large number of 
- possible configurations a single- and a 4-channel g 3 5 -  
- configuration have been measured. 
A change between the different OADM 
configurations could be made in <1 ms. 
Individual rings showed up to 12 dB extinction in 
the through port and 17 dB in the drop port. The 
rings have already been tested for bandwidth and 
showed good performance at 10 GBit/s [5] while 
even higher values are expected. The relatively 
low FSR of 4.18 nm of the MRs in the OADM 
k lk &, & 3k a will pose problems in network applications since 
Dissipated heater power (mw) multiple channels will be dropped within the 3d 
telecom window for which this OADM is 
Figure 6: MR Tuning response intended. It is however possible to solve this issue by reducing the ring radius or utilizing the 
Vernier effect by combining multiple MRs of different radii [I 11. Using multiple rings will also further reduce 
the crosstalk which, with -1 1.7 dB is still too high for practical applications. A cascade of two identical rings of 
the type used in the OADM for instance, will reduce the crosstalk to -23 dB. 
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